The Cu-Ni alloy plating process is classified as a normal alloy deposition type since the more noble metal, copper in this case, deposits preferentially (2) . Very often a complexing agent is needed to codeposit the metals. Over the years, many complex agents have been tried; the consensus is that citrate and pyrophosphate are the most promising ones (1) (2) (3) (4) (5) . As with most normal type of alloy deposition, the conditions needed to plate a high-nickel alloy deposit are a much higher ratio of nickel-to-copper in solution as well as a large applied current density. Other important parameters include the pH, agitation, and temperature. Priscott (3) found that the cathode current efficiency dropped as the pH was lowered. Also, he showed that the copper content in the alloy deposit increased slightly with agitation. These parameters, namely, solution composition, deposition potential (or current), pH, and agitation, will be examined further in our report. However, the effect of temperature was negligible (3) and was not studied.
Commercially useful alloys in terms of deposit composition, morphology, and adhesion are difficult to obtain. There appears to be a narrow range of suitable operating conditions for a sound, coherent deposit. Otherwise the deposit can be dark, "burnt," and powdery. Most studies (1) (2) (3) (4) (5) related the deposit composition as a function of the applied current density, which is strongly dependent on the solution composition. Unfortunately, the solution compositions varied so widely that it is difficult to draw useful information from such studies.
We found the need to understand the fundamental aspects involved in the Cu-Ni alloy plating process as well as to model the system for general application. The previous report (6) dealt with the former topic. In that paper (6) , five electrochemical reactions were identified to occur during Cu-Ni alloy electrodeposition. Copper and nickel codeposit in a narrow potential region, -1.0 to -1.2V vs. SCE, where the effects of the other three electrode reactions are small. Some of the mass transport and kinetic parameters for the codeposition process were determined. Also, the alloy deposits were plated at constant potentials and characterized. The electrode potential instead of the current density was chosen as the operating variable for convenience.
In the present report, a mathematical model is developed to describe the codeposition of copper and nickel in a citrate solution. The model takes into account factors affecting the transport of species in solution such as diffusion, migration, and forced convection. In addition, the homogeneous chemical equilibria among the species in the plating solution are also considered. The model was tested against the experimental results from our previous work (6) and was also used for predicting the optimum plating conditions.
Recently, Mathias and Chapman (7) applied a similar model to the Zn-Ni alloy system. They were able to predict the alloy composition fairly well; however, the disagreement between the model prediction and the polarization data demonstrated that their kinetic model was inappropriate in describing the anomalous behavior of Zn-Ni alloy plating. However, the Cu-Ni system behaves more ideally such that its codeposition is classified as normal and that it exhibits a continuous series of homogeneous solid solutions.
Equilibrium Bulk Conditions
In modeling the alloy deposition process, it is essential to know the bulk and surface concentrations of the reactants in order to assess the magnitude of the mass-transfer effects and reaction rates. As mentioned earlier, the copper-nickel alloy plating bath typically requires a complexing agent to codeposit the metals. Citrate, one of the most promising ligands for the Cu-Ni alloy system, is used in the present study. The bulk concentrations are calculated by using the equilibrium constants, material conservation equations, and the electroneutrality condition. According to the literature (8-10) in a bath containing copper sulfate (CuSO4 -5H20), nickel sulfate (NiSO4 9 6H20), and sodium citrate (Na3C6H~O7 -2H20), the following equilibria are possible Cu 2+ + Cit 3-~-CuCit [1] Cu ~+ + HCit 2-~-CuHCit [2] HCit 2 ~ H + + Cit 3 [3] H2Cit ~ H § + HCit 2 [4] H3Cit ~ H + + H2Cit- [5] Ni 2+ + Cit 3-~-NiCit- [6] Ni 2+ + HCit 2-~ NiHCit [7] SO42-+ H + ~ HSO( [8] H20~OH +H + [9] where Cit ~ is C6H~O73 . The equilibrium constants for Eq.
[1]- [9] are listed in Table  I . The algorithm for the equilibrium calculation is outlined in the Appendix. Basically, the program uses the experimentally measured pH and the initial species concentrations, [/] total, to calculate the equilibrium concentrations of all species. The computed results are given in Table II for the three plating solutions: Cu-5, Cu-10, and Cu-20 baths, which are labeled according to the percentage of cupric ion in the solutions containing 0.19M total metal ion concentration. The measured pH values for these baths are 5.37, 5.06, and 4.76, respectively. In order to satisfy electroneutrality, a pseudo species was conceived to allow for any unknown species in the so- lutions. Usually, the pH of the deionized water was found to be less than 7, suggesting that some unknown anions were omitted in the calculations. Other examples of pseudo species are carbonates or metal salt impurities assayed in the reagent grade chemicals. As shown in Table II , the major reactant species in the bulk solution are the metal complexes CuCit-and NiCit-. In comparison, the concentrations of the other metal species (CuHCit, Cu 2 § NiHCit, and Ni 2 § are small. Consequently, the reductions of these species at the electrode surface are neglected in the model. Thus, the homogeneous equilibria, Eq. [1] and [6] are included in the model. Also, only the first hydrogenation of the citrate ion, i.e., Eq.
[3], is considered. Finally, since hydrogen evolution from the reduction of water plays a significant role in the alloy deposition, the water equilibrium, Eq. [9] , is also incorporated in the model. Hence, only four homogeneous equilibria [1] , [3] , [6] , and [9] ) are included in the model for the diffusion layer.
The pH of the plating bath can be adjusted by adding sulfuric acid or sodium hydroxide. The predicted effect of the pH on the metal species concentrations is shown in Fig. 1 . The figure indicates that unless the pH is fairly low (i.e., less than 3), the predominant metal species are complexed with citrate ion. Thus, the above assumptions should be valid for solutions whose pH is above 3, but less than about 8 due to possible nickel hydroxide formation. As will be discussed later, it is not desirable to operate at low pH because of the loss in current efficiency, which is affected by the magnitude of the hydrogen evolution reaction.
Mathematical Model
The model presented here was established to simulate the characteristics of the electrodeposition for steady state at a constant potential difference between the working electrode and a reference electrode in the bulk solution. In the model, the infinite dilute solution theory was assumed, and the current density took the form of the Butler-Volmer equation. The solid phase was approximated by an ideal solid solution such that no interaction between copper and nickel was assumed.
At steady state, the region outside the electrode surface is governed by the following mass balance equation for each species -V -Ni + Ri = 0 [15] where R~ is the production of the species i in solution, and is zero for inert species such as Na § and SO42-. The flux, Ni, includes the effects of convective diffusion, forced convection, and ionic migration. For the rotating disk system, Eq.
[15] can be written in dimensionless form as (11)
where ~ = y/~ is a dimensionless normal distance from the surface of the electrode into the electrolyte, r is the potential in the solution, and ~ is the Levich diffusion layer thickness given by
] provides a set of n equations with n + 1 unknowns (ei for i = 1 to n and q~). To make this set of equations solvable, another equation is needed. The eleetroneutrality condition can be used for this purpose
The species included in the model for the diffusion layer and electrode surface are: Cu 2 § Cit 3-, CuCit-, Ni 2 § NiCit-, H +, OH-, HCit 2-, SO42-, and Na § To simplify the calculation, the homogeneous chemical reactions (Eq. [1] , [3] , [6] , and [9] ) included in the diffusion layer are assumed to be kinetically much faster than the heterogeneous surface electrode reactions, so Ri can be eliminated from Eq. [15] . For example, from Eq. [1] , one can write the following equation Rcu2+ = -Rcucit- [19] With this equation, the two governing equations (Eq. [15] ) for Cu 2+ and CuCit-can be combined to give V. Ncu2+ + V 9 Ncucit-= 0 [20] and the concentration of citrate is then given by
Ccucit-
K1 -[21]
Ccu2 + -Ccit 3-where K1 is the equilibrium constant for Eq. [1] . The complete set of governing equations is shown in Table III .
The boundary conditions for the model consist of those at the electrode surface and those in the bulk solution. At the electrode surface, the following reactions are assumed to occur CuCit-+ 2e---* Cu + Cit -3 [22] NiCit + 2e---~ Ni + Cit -3 [23] and 2H20 + 2e---~ H2 + 2 OH- [24] Two of the five electrochemical reactions found to occur during Cu-Ni alloy plating (6) are ignored. They are the reduction of hydrogen ion from the dissociation of hydrogenated citrate ions and the reduction of dissolved oxygen. The former reaction is assumed to be small compared to the reduction of water at large negative potentials where codeposition occurs. The latter reaction is completely mass transport limited and its effect is combined with the copper deposition reaction. In other words,.the mass transport and kinetic parameters determined for the copper deposition reaction were based on the polarization data taken in an aerated solution where the effects of oxygen reduction are included (6). 
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and sij is the stoichiometric coefficient of species i in reaction j, ij is the current density due to electrode reaction j, Uj,~f is the theoretical open-circuit potential evaluated at reference concentrations (usually the bulk concentrations), and V is a potential of the working electrode. The relative activity of each metal, ak, is taken to be equal to its mole fraction in the deposit, • The meanings of the other terms in Eq.
[27] are given in the notation list and are discussed in Ref. (12) . Two additional equations are required to describe the alloy composition and SNi
• --. .
[28]
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The electroneutrality condition is also applied because the diffuse double layer is ignored in the model. Generally, beyond the distance of about two Levich diffusion layer thicknesses from the electrode, the concentrations of species can be considered to be equal to their bulk concentrations (13) . In this system, the boundary conditions in the bulk solution is set at three diffusion layer thicknesses
The bulk concentrations for the species considered in the model are presented in Table IV together with their diffusion coefficients. The concentrations of the neglected, ionic species (H2Cit-, HSO4-, and the pseudo species) from Table II were used to adjust the concentration of Na § in Experimental values. b Based on model-experimental fit of the cathodic polarization curve at rotation speed 167.6 s -~ in the Cu-10 plating bath.
Table IV in order to sustain electroneutrality in the bulk solution. The set of governing equations and boundary conditions were written in finite difference form and solved by a technique developed by Newman (11, 14) .
Model--Experimental Fit
To simulate accurately the experimental results, the basic kinetic and mass transport parameters are needed, preferably measured. In the previous report (6) , some of these parameters were determined for the Cu-Ni alloy deposition process in citrate solutions on the rotating disk electrode. The experiments were performed at room temperature, and the kinetic data measured at a constant rotation speed, 1600 rpm (167.6 s-l). For the copper deposition reaction (Eq. [22] ), sufficient data were available to determine its kinetic parameters, such as the exchange current density and Tafel slope, as well as the diffusion coefficient of the complex containing copper. The kinetic parameters for the copper deposition reaction as well as for the other two reactions (Ni and He) are listed in Table V. For the nickel deposition and hydrogen evolution reactions, the analysis was complicated by the fact that multiple reactions were occurring on the electrode surface. Consequently, the kinetic and mass-transfer parameters for these two reactions were difficult to determine accurately. Approximate magnitudes of these parameters, however, could be inferred by force fitting the model to one set of experimental data. As shown in Fig. 2 , the model was first fitted for the Cu-10 bath between -0.5 to -1.3V. Above -0.5V, the main electrochemical reactions are the reductions of hydrogen ion from the dissociation of hydroge~ nated citrate ions and dissolved oxygen, which the model does not consider since it is mainly concerned with the codeposition region, -1.0 to -1.2V. From -0.5 to -1.0V, the copper deposition reaction dominates, so the fit in this region reflects the validity of the model in describing the copper reaction. At -1.0V, the effect of nickel deposition on the potential-current curve begins to appear. The codeposition region is very narrow because a substantial amount of hydrogen evolves at potentials more negative than -1.2V.
A valid test of the model is to use the same kinetic and mass transport parameters to fit the polarization data ob- ' ' ' ''''1 r , , rE,,, I , , ,,,I, tained at different operating conditions such as in the Cu-5 and Cu-20 baths (also shown in Fig. 2 ). For changes in solution composition, the exchange current density for copper deposition is dependent on the cupric ion concentration to the order of 1.43 according to the previous study (6) . A first-order dependency on the nickel ion concentration is assumed for nickel deposition. A lower exchange current density for the hydrogen evolution reaction is used for the Cu-20 bath (2 • 10 -7 mA/cm 2) because the alloy deposit has a higher copper content (6) . As will be shown later, a better fit of the current efficiency data also resulted.
For all three plating baths, the model predictions agree reasonably well with the polarization data. Thus the adjustable parameters are fairly dependable. Consequently, the model can be used to estimate mass transport and kinetic parameters when multiple reactions are occurring simultaneously.
For the higher copper concentration baths (Cu-10 and Cu-20), a deviation from the data is observed at high negative potentials. The presence of the hydrogen bubbles at these potentials may have enhanced the mass transport conditions at the electrode surface, so that higher currents are measured. Experimentally, the currents are unsteady and continually increase with time under these conditions. It is beyond the scope of the model to treat such fluctuating processes.
The model can also be used to predict the alloy deposit compositions based upon the partial currents (Eq.
[28] and [29] ). Figure 3 depicts the model predictions of the alloy compositions (dashed lines) and the experimental values (symbols) as a function of deposition potential. The agreements are good in the potential region, -1.0 to -1.2V vs. SCE, where the influence of the hydrogen bubbles is small. Practically, this is the codeposition region of interest. Here, the current efficiency is sufficiently high and the surface morphology is relatively smooth, i.e., not dendritic or powdery (6) .
At more negative potentials, the model can be used to predict the leveling of the nickel content in the alloy deposit. The presence of hydrogen gas may have inhibited the diffusion of the nickel complex to the electrode possibly due to the concurrent hydrogen chemisorption and bubble formation. This is manifested by the low diffusion coefficient (0.25 • 10 -7 cm%) fitted for the nickel complex. When hydrogen evolution becomes dominant, however, the model fails to predict the drop in nickel content. The added forced convection produced by the gas bubbles, not considered in the model, may have enhanced the mass transport of copper ions and caused an increase in the copper content in the alloy deposits.
The deposit composition plot can be easily translated from being a function of deposition potential toa function of applied current density, with which most platers are familiar. From the polarization curves, the corresponding current density can be found for each deposition potential. In the deposition region of interest, -1.0 to -1.2V vs. SCE, the currents were fairly steady. Figure 4 compares the experimental current efficiency data with that predicted by the model. The current efficiency is mostly influenced by the interference of the hydrogen evolution reaction during codeposition. For the Cu-5 and Cu-10 baths, the model predictions agree with the general dependence of the current efficiency with increasing negative potential. The agreement is not as good for the Cu-20 bath. As mentioned earlier, in the Cu-20 bath where the deposits are more copper-rich, the exchange current density for the reduction of water is assumed to be lower. This assumption is reasonable based upon the difference in the exchange current densities for hydrogen evolution on pure copper and pure nickel.
Between -1.0 to -1.1V, the model prediction of the current efficiency is about 5 to 10% higher than the experimental data. This deviation may be due to the added hydrogen evolution from the reduction of hydrogen ion from the dissociated hydrogenated citrate ions, which is not considered in the model. Also, the oxygen reduction reaction may also contribute to the lower current efficiency observed. At higher negative potentials, however, the reduction of water is the major contributor of hydrogen formation, and the model predictions are consistent.
In summary, the agreement between the model and experimental results is fairly good, demonstrating the validity of the model. The model was capable of predicting the polarization data, alloy composition, and current efficiency particularly in the codeposition region of interest, -1.0 to -1.2V. The model, however, does not account for all the consequences of the hydrogen evolution reaction. Although the model included its kinetics, it does not consider such effects as bubble nucleation, coalescence, and evolution, which can affect the mass transport conditions at the electrode surface. However, in a practical plating operation, hydrogen evolution should be avoided because of its detrimental effects on the surface morphology and current efficiency. Therefore, this model limitation is not too critical for designing or optimizing the plating conditions, but should be borne in mind. Nor does the model treat the second source of hydrogen evolution from the reduction of hydrogen ions from the dissociation of the hydrogenated citrate ions. This negligence causes the predicted current efficiency to be 5 to 10% higher than the measured result.
Model Predictions
One goal of modeling the Cu-Ni alloy deposition is to be able to predict the plating behavior for some yet-to-be measured operating conditions. Another goal may be to ascertain the operating conditions necessary to obtain a desired deposit composition. An example of each will be given. One important variable is the effect of stirring. Figures 5 and 6 illustrate the effect of rotation speed on the potential-current curves and deposit composition, respectively. From the previous report (6), polarization curves were measured as a function of rotation speed. Again, there is good agreement. Unfortunately, the deposit compositions were not measured. But based on Fig. 6 , the rotation speed has a slight influence on the deposit composition. This result concurs with Priscott's findings (3). The amount of nickel in the deposit increases with lower rotation speeds. The more important variables in determining the deposit composition seem to be the solution composi- 
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tion and deposition potential. However, agitation is important in terms of the mass transport of the reactants to the electrode surface, thereby increasing the plating rate.
One of the incentives for studying Cu-Ni alloy deposition is to be able to plate Monel alloy which typically contains 67% nickel, 30% copper, and the rest mostly iron and other elements. Although we have not plated 70/30 Ni-Cu alloy, we can predict the conditions necessary to produce such an alloy from the model. All the results indicate that the solution composition is an important variable in determining the deposit composition. A high nickel content deposit would require a solution containing high nickel. For instance, if we maintain as before the same plating temperature (22~ and rotation speed (1600 rpm) and drop the copper content from 5 to 1%, then the model can be used to predict the deposit composition curve shown in Fig. 7 . The curve demonstrates that, under the stated conditions, the deposition potential should be -1.08V vs. SCE. Various other combinations of operating conditions could be used to obtain a desired alloy composition.
The capability of the model demonstrated here is useful in designing and optimizing the Cu-Ni alloy electrodeposition process since there is only a narrow potential range for producing suitable deposits. Although the model presented in this report is limited to the rotating disk electrode, it can be extended to other geometric configurations such as the rotating cylinder or flow between parallel plates.
Conclusions

1.
The model agreed well with the experimentallyobtained polarization curves, the alloy deposit composition, and current efficiency results.
2. Although the model does not consider the various effects of gas bubbles near the electrode, the inclusion of the kinetics of the hydrogen evolution reaction from the reduction of water in the model effectively predicted the loss in current efficiency.
3. Through data fitting, the model provides a means of estimating mass transport and kinetic parameters when multiple electrode reactions are occurring simultaneously.
4. The predictive capability of the model can be useful in designing and optimizing the alloy plating operation.
5. This model may be applied to other normal alloy deposition systems such as Bi-Cu, Pb-Sn, and Ag-Pd alloys. Only a few fundamental measurements specific to the system would be needed. It is recommended that the model is made to fit the behavior under one set of operating conditions and then tested against the behavior under another set of conditions for accuracy.
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Once Xr to X15 are determined, the electroneutrality condition is tested, Any residue is taken to represent some ionic species neglected in the summation. That is, let This pseudo species can symbolize impurities in the deionized water, or other contaminants in the chemicals. When the pH is raised or lowered by the addition of an acid or base, the pseudo species includes the anions or cations associated with these additions.
